We present a material model to represent the viscoelastic and material, nonlinear properties of liver tissue for needle insertion simulation. Material properties of liver tissue were measured using a rheometer and modeled from the measured data. The liver viscoelastic characteristics were represented by differential equations, including the fractional derivative term. Next, nonlinearity with respect to the fractional derivative was measured, and the stress-strain relationship using a cubic function was modeled. The material properties of liver tissue were represented by a simple equation with only a few parameters. We evaluated the variety of each stiffness parameter from measurements of 50 samples. The results showed a high degree of variation in each stiffness parameter, especially with respect to nonlinearity. Moreover, each parameter had a low correlation coefficient. We also modeled the probability of variation in material properties from these results to provide a basis for deformation simulations considering individual patient differences.
Introduction
Recent research and development has been performed on surgical robots and navigation systems to achieve more minimally invasive and precise surgery (1)- (4) . Therapies using needle insertion, such as radio frequency ablation, have become a major method for cancer treatment. Cancer existing inside the liver can be necrotized by delivering a needle tip to the cancer for injection of ethanol into the tumor (percutaneous ethanol injection therapy) or for tumor ablation (radio ablation therapy). Research into robotic systems to assist needle insertion has also been conducted to improve the accuracy of needle placement and expansion of the approach path (5)- (8) .
In percutaneous therapy, it is necessary to accurately place the needle tip into the target cancer. Because target organs such as the liver consist of soft tissue, the organ morphology can deform upon needle insertion and change the position of the target lesion. Moreover, the needle path is limited to a straight line in many percutaneous therapies because the path is constrained by the abdominal wall. For these reasons, it is necessary to devise a strategy that accounts for organ deformation caused by the needle insertion.
A numerical simulation of needle insertion in a virtual surgery environment reproduced with physical models of organs is a useful research tool. The needle must be accurately directed to the target lesion upon entering the tissue, because the needle punctures and advances in the tissue immediately. Therefore, it is important to make a correct analysis of organ deformation and to determine the appropriate conditions at the point of puncture.
Many studies have researched the measurement and modeling of material properties of living tissue. For example, Miller and colleagues presented three-dimensional (3D), nonlinear, viscoelastic constitutive models for the liver, kidney (9) and brain tissue (10). Gao et al. (11) researched the nonlinear material properties and proposed a constitutive model of the material properties of liver. Liu et al. (12) developed a nonlinear viscoelastic model to represent the material properties based on a stress relaxation test. Sakuma et al. (13) (14) derived an equation that combines both logarithmic and polynomial strain energy forms of pig liver from combined compression and elongation tests. Additionally, Kerdok et al. (15) used a generalized Voigt model for perfused ex vivo porcine liver. Finally, Kim et al. (16) conducted tests and modeled porcine liver using the Kelvin model.
These models represent either nonlinear properties or viscoelastic properties. Only one study reported both the nonlinear and viscoelastic modeling of living tissue (17) . However, the equation to represent such a model is very complex and has many parameters. Moreover, the variation in parameters due to individual differences has not been quantified, even though the differences in the parameters greatly affect the simulation results.
The objective of our research was to construct a viscoelastic and nonlinear model based on detailed material data measured from in vitro hog liver. We focused on the modeling of the material properties of liver and representation of the properties by a simple equation with only a few parameters. Table 1 summarizes recent/relevant models and numbers of parameters, including the model developed in this study.
Viscoelastic properties

Test conditions
We used a rheometer (AR550, TA Instruments) to measure the torque loaded on the sample and the torsional angle of the sample (Fig. 1) . The shear modulus of the sample was then calculated based on these results. We used hog liver in the present study because porcine abdominal organs have mechanical properties similar to those of humans. The liver was cut into a circular, cylindrical shape (φ20 mm, height 5 mm) and placed on a measurement table. We used cryogenically preserved liver samples that were taken within 24 h of death and which did not include membrane or large blood vessels. Specimens were not frozen at any time during the procedure. The condition for each test environment involved soaking test samples in normal saline solution at a temperature of 36 °C. The normal saline solution was stable and there was no reflux flow．Sandpaper was attached to the top plate and the measurement table to prevent sliding. The mean stress and strain values on the liver sample are referred to in the experimental results, because they are adequate for consideration of the nonlinear properties in Section 3.
Methods
1) Dynamic viscoelastic test:
We used mechanical impedance shown in Eq. (1) to represent the dynamic viscoelastic test results.
where G* is the complex shear modulus; G' is the storage elastic modulus, and G" is the loss elastic modulus. G' and G" model the viscoelastic properties of the liver. 
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Fig. 1 Measurement equipment (rheometer)
The sine-wave stress from 0.1 to 200 rad/s, providing 3% strain amplitude, was loaded on the liver sample described in Section 2.1. The mechanical impedance of the hog liver was obtained in each frequency.
2) Creep test:
The creep test, including a stress of 150 Pa, was performed on the liver sample. The time series data of strain were measured during the experiment.
Results
1) Dynamic viscoelastic test:
The experimental results of mechanical impedance of the liver are shown in Fig. 2 (a) and are represented by a log-log diagram. Both the storage elastic modulus G' and the loss elastic modulus G" increased as the frequency increased.
2) Creep test: As shown in Fig. 3 , the strain of the liver sample increased over a time interval of 180 s. From 0-2 s, the strain vibrated in the early stage of the creep experiment.
Modeling
1) Dynamic viscoelastic test:
In general, a needle is inserted into an organ at a low velocity; hence, the response is mainly affected by low-frequency characteristics. Therefore, the frequency band was set from 0.1 to 10 rad/s. As shown in the log-log diagram of Fig.  2 (a), the storage elastic modulus G' increased proportionally. The loss elastic modulus G" also increased proportionally, since the slopes of G' and G" were nearly the same. G' and G" are presented by Eqs. (2) and (3), respectively.
The following Eqs. (4) and (5) were derived from (2) and (3), respectively.
Thus, the mechanical impedance is provided by (6) .
where G is the viscoelasticity and has the following relationship:
In the above equations, G represents the magnitude of elastic and viscous properties, because k presents a material index from 0 (elastic) to 1 (viscous). The viscoelastic characteristics of the liver are provided using differential Eq. (10) derived from the mechanical impedance of (6).
where G is the viscoelasticity, γ the strain, τ the stress, and t is time. The derivative order k was set equal to 0.1 based on the slope of G' and G" in Fig. 2(a) . Consequently, we were able to model the viscoelastic properties of the liver using a fractional derivative that represented a derivative of non-integer orders. The mechanical impedance of the model by the fractional derivative term is also shown in Fig. 2(a) .
2) Creep test: The steady state of the step response following sufficient elapsed time exhibited low-frequency characteristics and is shown by Eq. (11). Equation (10) becomes (11) if (10) is solved for the conditions of the creep test. Here, the loaded stress is constant.
where γ is strain; τ c is constant stress; G is viscoelasticity, Γ is the gamma function; γ c is the coefficient deciding the strain value, and t is time. In this case, the Riemann-Liouville definition (12) was used to solve the fractional integration of (10).
Equation (11) shows that the steady state of the creep test is provided by the power of time.
The model response of the creep test and its power approximation are shown in Fig. 3 (a) and (b).
(a) (b) Fig. 2 Mechanical impedance of the liver. G* is the complex shear modulus; G' is the storage elastic modulus, and G" is the loss elastic modulus. The red and blue plots are the experimental results, and the red and blue lines are the responses of our model for (a) over the range of 0.1-10 rad/sec (b) over 10 rad/sec for the vibration of creep test (ref: Fig.3 (b) ). 
Nonlinear properties
Methods
Nonlinear characteristics of the liver were investigated based on a series of repeated creep tests. The viscoelasticity G, strain γ c and derivative order k for each stress τ c were calculated to fit Eq. (11) . The test conditions were the same as described in Section 2.1.
Results
The coefficient of determination R 2 exceeded 95% for each stress. Figure 4 shows the relationship between the applied stress τ c and strain γ c , and displays the relationship between the applied stress τ c and viscoelasticity G. Figure 4 shows that liver tissue with a low strain of less than approximately 0.2 displayed linear characteristics and a viscoelasticity G at a constant 200 Pa. However, liver with a low strain of more than approximately 0.2 displayed nonlinear characteristics and an increased degree of viscoelasticity G. We modeled the viscoelasticity strain dependence based on these results, using the quadratic function of strain shown by Eq. (13) . Next, the stress-strain relationship was modeled using the cubic function described in Eq. (14) . Figure 4 also displays the nonlinear properties of the model. As shown, the model described by Eqs. (13) and (14) is sufficient to express nonlinear characteristics. (14) where G o is the linear shear modulus with low strain; γ 0 is the strain in which the characteristics of the liver change to show nonlinearity, and a γ is the coefficient deciding the change in stiffness. 
Modeling
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Evaluation of parameter variations
Human tissue has large individual differences, making material parameters inherently uncertain. When incorporating simulation results into clinical practice, it is crucial to evaluate the individual variability of the organ tissue under investigation. This section describes the evaluation of parameter variances in the proposed model.
Method
Measurements of the nonlinear stiffness parameters described in Section 3 were repeatedly performed on 50 hog liver samples. The viscoelastic properties k were also measured by dynamic viscoelastic tests described in Section 2. Next, histograms of the data were created to visualize the distribution status of G o , a γ and k, while a histogram hierarchy was calculated from a total of 50 data via the Sturges' formula. Table 2 . We investigated the variation in the parameters using normal probability distribution described in Eq. (16) . (16) where f normal is probability density function, σ is variance, x is random variable, and μ is mean. Figure 6 also displays the probability distribution of G o , a γ , γ 0 and k, respectively. G o , a γ , γ 0 , k) . The height of the rectangle in each interval presents the data number and probability density within that interval. These results indicate that the parameters with respect to nonlinearity (a γ and γ 0 ) exhibited large variations compared to the parameters with respect to viscoelasticity (G o , k). 
Results
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Discussion
1) Model using the fractional derivative:
The fractional model described in Eq. (10) is sufficient to express the viscoelastic characteristics of the liver when ω is lower than 10 rad/s as shown in Fig.2 (a) . Viscoelastic materials, whose behaviors are dependent on elastic and viscous components, have been modeled by combinations of springs and dashpots, as in the Voigt (spring and dashpot in series), Maxwell (spring and dashpot in parallel) and Kelvin (spring in parallel with a Maxwell) models. However, models such as these cannot represent the viscoelastic properties shown in Fig. 3 (a) by a simple term. Some studies have modeled the viscoelastic properties using a generalized Maxwell-Weichert model, which has many spring-dashpot Maxwell elements. The existing models indicate that the representative equation is very complex and involves an excessive number of material parameters. In contrast, fractional models have successfully been fitted to experimental data within a broad frequency range using only two parameters, G and k, as shown in (10) . In modeling biomaterials, a modeling method using the fractional derivative approach is more suitable than a method using a combination of elastic and viscous elements. Equations (4) and (5) belong to a more general description called power laws. However, it is difficult for only this power law description to be used in the actual application, because the calculation method of the equation is not established, and it results in a calculation error and/or a long calculation time. The calculation method of fractional derivative description is superior in accuracy and calculation time. The generality of the modeling is low because the derivative description is not appropriate, i.e., when k is different for G' and G''. In this study, we proposed modeling using a fractional derivative description for superiority in actual application, because the dynamic viscoelastic test results displayed the same value in k for G' and G''.
2) Viscoelasticity of the fractional derivative: Equation (10) represents the elastic element if the derivative order is k = 0, and the viscous element if the derivative order is k = 1. Therefore, the fractional derivative model has intermediate properties between the elastic body and viscous body. As such, the derivative order k represents the degree of viscosity of the system in the fractional derivative model. A viscoelastic material is more governed by elastic properties than by the viscous properties when the derivative order k is close to 0, whereas a viscoelastic material is more governed by viscous properties than by elastic properties when the derivative order k is close to 1. The value of the derivative order k was 0.1 from the experimental result displayed in Fig. 2(a) , indicating that the steady-state characteristics of liver are intermediate between the elastic and viscous bodies.
3) Creep experiment: In the experimental results, the strain of the liver continually expanded over 180 s. Representing continual expansion over a long term is difficult by basic models such as the Voight model. The Maxwell model is able to represent long-term expansion, but only expands linearly. Figure 3 (a) shows that the model response effectively indicates the steady state of the actual liver creep test. In fact, the coefficient of determination, R 2 , exceeded 95% in Fig. 3 (a) . The fractional derivative easily represents the continual expansion over a long time with one differential term. In Fig. 3 (a) , the model response did not closely represent the vibration of the experimental result. The vibration occurred because of the effect of high frequencies beyond 10 rad/s (ref. Fig.2 (b) : the change in the range around 100 rad/sec affects the vibration in the creep test). However, the model response passed through the center of vibration. This result suggests that our model represents low-frequency characteristics effectively, particularly early in the step response. As mentioned above, the needle is generally inserted into the organ at a low velocity; hence, the response is not largely affected by high frequencies. As shown by the vibration phenomenon and the difference with the dynamic viscoelastic test, our fractional model could not cover the high frequency responses of liver. High frequency modeling will be required for applications involving high frequency change.
4) Parameter variations:
The maximum values of G o , a γ , γ 0 and k were approximately 2, 5, 2 and 1.1 times the minimum values, respectively. These results indicate that the degree of nonlinearity a γ has a large variation compared with the degree of viscoelastic properties k. According to Table 2 , the mode values of G o , γ o , a γ and k are closer to the average values. The kurtosis of G o was lower than that of the other parameters. According to the histograms in Fig. 6 , G o values contributed to a large mean variance, whereas the values of γ o , a γ and k contributed to a low mean variance.
5) Difference with in vivo tissue:
it is well known that there is difference in material properties between in vivo tissue and tissue samples. This difference may result from the presence of blood inside vessels that increases internal pressure and causes samples to swell. In our experiment, there was no blood inside the liver sample while the liver samples were soaked in normal saline solution. Therefore, the findings from our experiment may differ with those from an in vivo test. The issue will be further examined in future work.
Conclusions
This paper presents a material model to represent viscoelastic and nonlinear properties of liver tissue for needle insertion simulation. First, the material properties of the liver were measured using a rheometer and modeled from the collected data. The liver viscoelastic characteristics were represented by differential equations, including the term of the fractional derivative. Next, nonlinearity in terms of the fractional derivative term was measured. We then modeled the stress-strain relationship using a cube function. Consequently, we developed the material properties of liver tissue, which were represented by a simple equation and a few parameters. Finally, we evaluated the variety of each stiffness parameter from the measurement of 50 samples. The results showed that each stiffness parameter, particularly the parameter related to nonlinearity, had a large variation.
